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1  | INTRODUC TION

Cardiac resynchronization therapy (CRT) improves symptoms 
and reduces mortality in patients with chronic left ventricular 

heart failure and a wide QRS complex (European Society of 
Cardiology	(ESC)	et	al.,	2013).	An	electrocardiogram	(ECG)	with	
QRS	 duration	 (QRSd)	 exceeding	 130	ms	 is	 a	main	 criterion	 for	
receiving	 CRT	 (Ruschitzka	 et	 al.,	 2013)	 and	 there	 is	 growing	
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Abstract
Background: QRS narrowing after CRT is a predictor of patient outcome. Further nar‐
rowing can be obtained by interventricular pacing delay (VVd) optimization, raising inter‐
est to inter and intraobserver variation in manual measurements of QRS duration.
Methods:	(a)	Variation	in	intrinsic	rhythm	QRS	duration	in	CRT	patients	with	LBBB:	In	40	
intrinsic	12‐lead	ECGs,	six	observers	measured	QRS	duration	defined	as	widest	QRS	in	
any	lead.	In	20	of	these	ECGs,	two	observers	repeated	the	measurements.	(b)	Variation	
in paced QRS duration at different VVd settings and agreement in selecting the narrow‐
est	QRS:	In	20	CRT	patients,	five	paced	ECGs	were	recorded	at	different	VVds.	The	most	
frequently selected VVd(s) estimated to cause the narrowest QRS in each patient de‐
fined the optimal VVd. Two observers repeated the measurements and VVd selections.
Results: Absolute interobserver difference in measured QRS duration in intrinsic rhythm 
ECGs	was	mean	2	ms,	range	(−40;	40	ms),	mean	limits	of	agreement	(LoA):	−21;	25	ms.	
Absolute	interobserver	difference	in	measured	QRS	duration	in	paced	ECGs	was	mean	
3	ms,	range	(−50;	60	ms),	mean	LoA:	−20;	27	ms.	There	was	no	difference	in	LoA	be‐
tween intrinsic and paced QRS duration (lower limit p = 0.68; upper limit p = 0.44). The 
optimal VVd was included in 17/20 (85%) of the VVd selections by six observers. 
Interobserver	variation	was	comparable	with	the	intraobserver	variation.
Conclusions:	Interobserver	variation	and	intraobserver	variation	in	manually	measured	
paced and intrinsic rhythm QRS duration are clinically acceptable and comparable in a 
cohort	of	CRT	patients.	Inter	and	intraobserver	reproducibility	for	selecting	the	optimal	
VVd is good and warrants manual VVd optimization for QRS narrowing in CRT.
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evidence that patients exhibiting left bundle branch block (LBBB) 
have	a	higher	response	rate	to	CRT	(Gervais	et	al.,	2009;	Risum	
et	al.,	2013;	Zareba	et	al.,	2011).	Even	after	careful	selection	of	
CRT	 candidates,	 up	 to	 30%–40%	 of	 patients	 turn	 out	 as	 non‐
responders (Daubert, Behar, Martins, Mabo, & Leclercq, 2017). 
Besides pre‐implant QRSd and morphology, QRS narrowing after 
CRT is an important predictor of outcome (Hsing et al., 2011). 
Further narrowing of paced QRS after CRT can be obtained by 
individual optimization of the interventricular pacing delay (VVd) 
and has been proposed to increase the acute hemodynamic re‐
sponse	 (Tamborero	et	al.,	2009).	ECG‐guided	VVd	optimization	
appears more reproducible than echocardiographic optimiza‐
tion based on velocity time integrals, which are susceptible to 
angle errors during image recording and beat‐to‐beat variation 
(Francis,	2013).

The QRSd is often defined as manual measurement of maximal 
QRSd	in	any	12‐lead	ECG	leads,	despite	a	greater	variability	has	been	
shown with this definition as compared with measurement of mean 
QRSd and automatically calculated QRSd (Tomlinson, Bashir, Betts, 
& Rajappan, 2009). However, manual QRSd is the most clinically ap‐
plicable definition.

Only	 few	 studies	 have	 evaluated	 the	 reproducibility	 of	mea‐
suring QRSd and the implications for selection of CRT candidates 
(De	Guillebon	et	al.,	2010;	De	Pooter,	El	Haddad,	Stroobandt,	De	
Buyzere, & Timmermans, 2017; Tomlinson et al., 2009), and none 
have tested the reproducibility of manually measured paced QRSd 
and the implications for the selection of VVd settings after CRT. 
Therefore, the aims of this study were twofold: (a) to assess vari‐
ation in manual measurement of QRSd (between and within ob‐
servers)	 in	 intrinsic	 rhythm	 and	 paced	 ECGs	 from	 patients	 with	
LBBB receiving CRT and (b) to asses variations (between and 

within observers) in manual measurement of paced QRSd at dif‐
ferent VVd settings to select the narrowest QRS complex for CRT 
optimization.

2  | METHODS

We included randomly selected patients with LBBB who partici‐
pated	in	the	Imaging‐CRT	trial	(empiric	vs.	imaging‐guided	left	ven‐
tricular lead placement in CRT) (Sommer et al., 2016). Each patient 
had	 a	12‐lead	ECG	 recorded	before	 implantation	 and	 five	12‐lead	
ECGs	 at	 different	 VVds	 after	 implantation.	 The	 stated	QRSd	was	
the QRSd in the lead exhibiting the widest QRS complex. The QRSd 
was	reported	with	a	temporal	resolution	of	10	ms.	Onset	of	the	QRS	
complex was defined as the first positive or negative deflection from 
the isoelectric line, and offset was defined as being the J‐point: 
The point where the steep slopes of the RS waves are replaced by 
the more gradual slopes which precede the first limb of the T wave 
(Lepeschkin & Surawicz, 1952). For analysis of intrinsic QRSd, base‐
line	ECGs	from	40	patients	were	included,	and	for	the	paced	QRSd,	
five	 ECGs	 from	 20	 patients	 were	 included.	 ECGs	 were	 recorded	
using	a	Schiller	Cardiovit	AT‐102	plus	(Schiller	AG,	Baar,	Switzerland).

2.1 | Inter and intraobserver variation in 
measurement of QRSd in intrinsic rhythm ECGs 
with LBBB

A	12‐lead	 intrinsic	 rhythm	ECG	was	 recorded	at	 a	paper	 speed	of	
25 mm/s with 10 mm/mV gain in patients with LBBB as defined 
according to the Strauss criteria (Strauss, Selvester, & Wagner, 
2011). For assessment of interobserver variation, six observers 

F I G U R E  1   Measurement of QRS duration in paced and intrinsic rhythm electrocardiograms. (a) Measurement of QRS duration in an 
intrinsic rhythm electrocardiogram with left bundle branch block, paper speed 25 mm/s, and gain 10 mm/mV. QRS duration was measured in 
each	of	the	12	leads.	In	this	case,	maximal	QRS	duration	was	170	ms.	(b)	Measurement	of	biventricular	paced	QRS	duration	at	five	different	
interventricular pacing delays in patient no. 9, paper speed 50 mm/s, and gain 10 mm/mV; for simplicity, only lead V2 from the 12‐lead 
electrocardiogram	is	shown.	In	this	case,	SIM	and	LV20	would	be	the	optimal	interventricular	pacing	delays.	LV20/40/60:	pacing	of	left	
ventricle	20/40/60	ms	prior	to	right	ventricle;	RV20:	pacing	of	right	ventricle	20	ms	prior	to	left	ventricle;	SIM:	simultaneous	pacing	of	both	
ventricles

(a) (b)
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independently	measured	QRSd	in	all	12	leads	in	each	of	the	40	ECGs	
and	noted	the	maximal	QRSd	for	each	ECG	(Figure	1a,	Figure	2	left	
panel). For intraobserver variation, two observers independently 
performed	two	repeated	measurements	of	QRSd	in	20	of	the	ECGs.

2.2 | Inter and intraobserver variation in 
measurement of biventricular paced QRSd and 
selection of VVd

The	 day	 after	 CRT	 implantation,	 five	 12‐lead	 ECGs	 were	 recorded	
at	 a	 paper	 speed	of	 50	mm/s	with	10	mm/mV	gain.	 The	ECGs	were	

recorded with the device programmed to each of the following VVds: 
right ventricular pacing 20 ms prior to left ventricular pacing (RV20), si‐
multaneous	biventricular	pacing	(SIM),	left	ventricular	pacing	20	(LV20),	
40 (LV40), and 60 (LV60) ms prior to right ventricular pacing. For each 
patient, one or more VVds resulting in the narrowest QRS complex was 
registered. For interobserver variation, six observers independently 
measured QRSd at each VVd in all 20 patients to identify the VVd, re‐
sulting in the shortest QRSd (Figure 1b, Figure 2 right panel). The con‐
sensus optimal VVd in each patient was defined as the VVd selected 
most frequently by the six observers to result in the narrowest biven‐
tricular paced QRS complex. For intraobserver variation, two observers 
independently performed two repeated measurements of QRSd in the 
20 patients to define the VVd that resulted in the shortest QRSd.

2.3 | Statistics

Interobserver	variation	and	intraobserver	variation	of	QRSd	measure‐
ments	between	and	within	observers	are	presented	using	the	Bland–
Altman method with 95% limits of agreement (LoA), defined as the 
mean difference ±2 × standard deviation (SD) (Bland & Altman, 1986). 
A	95%	confidence	interval	(CI)	is	computed	for	the	lower	(LL)	and	upper	
(UL) LoA, respectively (Mantha, Roizen, Fleisher, Thisted, & Foss, 2000).

Limits of agreement for QRSd ±20 ms are considered clinically 
acceptable, meaning that the two measurements of QRSd per‐
formed by two observers or twice by the same observer can be used 
interchangeably.

Normality	of	data	is	tested	using	Q–Q	plots.	Continuous	data	are	
presented as means (range) and categorical data as numbers (%) and 
medians.	Paired	t‐tests are used for comparisons of continuous data 
and chi‐squared tests are used for comparison of categorical data. 
Commercially available software (Stata 14.2; Stata‐Corp, College 
Station, TX, USA) is used for analysis.

3  | RESULTS

3.1 | Interobserver variation in paced and intrinsic 
rhythm ECG QRSd

Pairwise	comparisons	of	six	observers	measuring	QRSd	in	 intrinsic	
rhythm	 ECGs	 with	 LBBB	 from	 40	 patients	 showed	 absolute	 dif‐
ference	with	a	mean	of	2	ms	 (−40;	40	ms),	mean	LoA:	−21;	25	ms.	
Average span between LL and UL LoA was 46 ms, ranging from 28 to 
62	ms	between	observers	(Figure	3,	top).

When comparing QRSd measurements from the six observers 
measuring	100	biventricular	paced	ECGs	(from	20	patients	with	five	
different	VVds),	 absolute	 difference	 in	QRSd	 had	 a	mean	 of	 3	ms	
(−50;	60	ms),	mean	LoA:	−20;	27	ms.	Average	span	between	LL	and	
UL	 LoA	was	 47	ms,	 ranging	 from	36	 to	 56	ms	 between	observers	
(Figure	3,	bottom).	All	LoA	with	95%	CI	for	the	pairwise	comparisons	
of observers are shown in Table 1.

The	variation	in	LoA	between	intrinsic	rhythm	and	paced	ECGs	did	
not differ significantly (difference in LL intrinsic and LL paced QRSd, 
p = 0.68; difference in UL intrinsic and UL paced QRSd, p = 0.44).

F I G U R E  2   Interobserver	variation	in	measurement	of	QRS	
duration illustrated in lead V2 in paced and intrinsic rhythm 
electrocardiograms.	Illustration	of	interobserver	variation	in	
determining the onset and offset of the same QRS complex in 
lead V2 in an intrinsic rhythm electrocardiogram (left panel) and 
a LV20 paced electrocardiogram (right panel). The QRS duration 
measurements were performed by the same six observers who did 
the QRS duration measurements in current study. Left panel: paper 
speed 25 mm/s, gain 10 mm/mV. Exact same QRS complex as lead 
V2 in Figure 1a. Right panel: paper speed 50 mm/s, gain 10 mm/mV. 
Exact same QRS complex as LV20 in Figure 1b. LV20: pacing of left 
ventricle 20 prior to right ventricle

Observer 1

Observer 2

Observer 3

Observer 4

Observer 5

Observer 6

Lead V2
Intrinsic rhythm                Paced LV20
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3.2 | Intraobserver variation in intrinsic rhythm and 
paced ECG QRSd

For	 Observer	 a,	 intraobserver	 variation	 of	 QRSd	 in	 20	 intrinsic	
rhythm	ECGs	showed	variation	with	a	mean	of	−2.5	ms	(−20;	20	ms),	
LoA:	−24;	19	ms.	For	Observer	b,	QRSd	varied	with	a	mean	of	4.5	ms	
(−10;	20	ms),	LoA:	−13;	22	ms	(Figure	4,	top).	For	Observer	a,	intra‐
observer	variation	of	QRSd	in	100	paced	ECGs	was	−6.3	ms	in	mean	
(−30;	 10	ms)	 with	 LoA:	 −27;	 14	ms.	 For	 Observer	 b,	 QRSd	 varied	
with	a	mean	of	−1.3	ms	(−20;	20	ms)	with	LoA:	−17;	14	ms	(Figure	4,	
bottom).

3.3 | Interobserver precision in selecting the VVd 
resulting in the narrowest QRS complex

In	the	majority	of	patients,	more	than	one	VVd	was	defined	as	op‐
timal	when	aiming	 for	narrowest	paced	QRS	complex	 (Table	2).	 In	

12/20 (65%) of the patients, the six observers identified >1 VVd 
(median 2) resulting in the narrowest QRS complex. Analyzing the 
20	sets	of	ECGs	with	five	different	VVds,	mean	change	in	QRSd	be‐
tween the different VVds within the same patient for the 6 observ‐
ers	was	22	ms	(12;	38).

On	average,	 observers	 included	 the	 consensus	optimal	VVd	 in	
their	selection	of	VVds	in	17/20	(85%)	of	the	patients.	 In	the	3/20	
(15%) cases, where observers did not include the consensus VVd in 
the selection of optimal VVds, the difference in QRSd from the con‐
sensus	VVd	was	10–20	ms.

In	all	the	VVd	settings,	selected	as	optimal	by	all	observers,	only	
36	of	229	 (16%)	differed	more	than	one	setting	 (±20	ms)	from	the	
consensus VVd.

Interobserver	sensitivity	was	81%	for	 including	consensus	VVd	
in	 the	 selection	 of	 VVd(s).	 Interobserver	 specificity	 for	 choosing	
same VVd was 74% with a positive predictive value of 49% and neg‐
ative predictive value of 94%.

F I G U R E  3   Interobserver	variation	
in QRS duration measured in paced and 
intrinsic rhythm electrocardiograms. 
Top:	Bland–Altman	plots	illustrating	
interobserver variation in QRS duration 
measured by independent observers in 
40 intrinsic rhythm electrocardiograms 
with left bundle branch block. Top left: 
comparison of the two observers with 
largest span in limits of agreement 
(LoA)	(Observer	2	vs.	Observer	6:	
62 ms). Top right: comparison of the 
two observers with the smallest span 
in	LoA	(Observer	4	vs.	Observer	6:	
28	ms).	Bottom:	Bland–Altman	plots	
illustrating interobserver variation in 
QRS duration measured by independent 
observers in 100 electrocardiograms 
with biventricular paced QRS complexes. 
Bottom left: comparison of the two 
observers with largest span in LoA 
(Observer	3	vs.	Observer	6:56	ms).	
Bottom right: comparison of the two 
observers with smallest span in LoA 
(Observer	4	vs.	Observer	6:36	ms).	
Mean difference in QRS duration and 
LoA with 95% confidence intervals are 
shown	in	all	four	plots	(see	Table	2).	ECG:	
electrocardiogram;	Obs.:	observer;	QRSd:	
QRS duration
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3.4 | Intraobserver precision in selecting the VVd 
creating the narrowest QRS complex

Observers	a	and	b	selected	the	same	VVd	when	repeating	ECG‐guided	
VVd optimization in 17/20 (85%) and 16/20 (80%) of the patients, re‐
spectively.	Of	these,	the	same	VVd	was	included	in	a	selection	of	op‐
timal	VVds	in	12/17	and	10/16	of	the	patients	in	second	ECG	analysis,	

respectively. Differences in QRSd measurements led to a different se‐
lection	of	optimal	VVd	in	3/20	(15%)	and	4/20	(20%)	of	the	patients	for	
Observers	a	and	b,	respectively.	This	was	based	on	absolute	maximal	
differences	 in	measured	QRSd	of	30	and	10	ms,	 respectively.	When	
selecting VVd second time, the two observers selected a VVd setting 
more than two settings away (> ± 20 ms) in 7 of the total 42 VVd selec‐
tions	(17%)	for	Observer	a	and	in	5/37	(14%)	for	Observer	b.

Observers
Mean 
difference, ms LL LoA, ms 95% CI UL LoA, ms 95% CI

40	intrinsic	rhythm	ECGs

1 vs. 2 −10 −36 −43;	−29 15 8;	23

1	vs.	3 −11 −27 −32;	−22 6 1; 11

1 vs. 4 −1 −21 −27;	−15 20 14; 26

1 vs. 5 −12 −29 −34;	−24 6 1; 11

1 vs. 6 5 −14 −19;	−9 24 18; 29

2	vs.	3 0 −30 −38;	−21 29 21;	37

2 vs. 4 10 −20 −29;	−12 40 31;	48

2 vs. 5 −1 −32 −41;	−23 30 21;	38

2 vs. 6 15 −16 −25;	−8 46 38;	55

3	vs.	4 10 −12 −18;	−6 32 26;	38

3	vs.	5 −1 −19 −24;	−14 17 12; 22

3	vs.	6 15 −6 −12;	0 37 31;	43

4 vs. 5 −11 −36 −43;	−29 14 7; 21

4 vs. 6 5 −9 −13;	−5 19 15;	23

5 vs. 6 16 −5 −11;	1 37 31;	43

Mean 2 −21 −27;	−14 25 18;	31

100	biventricular	paced	ECGs

1 vs. 2 −7 −30 −34;	−26 16 12; 20

1	vs.	3 −15 −33 −36;	−30 4 0; 7

1 vs. 4 −3 −29 −33;	−24 22 18; 27

1 vs. 5 −4 −24 −27;	−20 15 12; 18

1 vs. 6 6 −15 −18;	−11 26 23;	30

2	vs.	3 −8 −29 −33;	−25 14 10; 18

2 vs. 4 4 −22 −26;	−17 30 25;	34

2 vs. 5 3 −21 −26;	−17 27 23;	31

2 vs. 6 13 −14 −19;	−10 40 35;	45

3	vs.	4 12 −15 −20;	−10 38 33;	43

3	vs.	5 10 −13 −17;	−9 34 29;	38

3	vs.	6 20 −7 −12;	−3 48 43;	53

4 vs. 5 −1 −28 −32;	−23 25 21;	30

4 vs. 6 9 −9 −12;	−6 27 24;	30

5 vs. 6 10 −13 −18;	−9 34 30;	38

Mean 3 −20 −24;	−16 27 22;	31

Note.	CI:	 confidence	 intervals;	ECG:	electrocardiogram;	LL:	 lower	 limit;	 LoA:	 limits	of	agreement;	
UL: upper limit.
Limits of agreement with 95% confidence intervals for pairwise interobserver variations between 
the six observers measuring QRS duration in 40 intrinsic rhythm electrocardiograms with left bundle 
branch block (upper part of table) and 100 biventricular paced electrocardiograms (bottom part of 
table).

TA B L E  1   Limits of agreement for 
pairwise interobserver variations in 
measuring QRS duration
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4  | DISCUSSION

This study reports clinically acceptable and comparable inter and 
intraobserver precision in measuring QRSd in both intrinsic rhythm 
and	biventricular	paced	ECGs	from	LBBB	patients	treated	with	CRT.

The results suggest consistency in reproducibility and repeatability 
of VVd optimization, with a good likelihood for the observers to select 
the same VVd setting within 20 ms. Within patients, the biventricular 
paced QRSd measured at different VVds differed with a mean of 22 ms.

4.1 | Measuring QRSd

A narrow biventricular paced QRS complex has been associated with 
response to CRT (Hsing et al., 2011), and further narrowing of paced 
QRS width by altering VVd has been shown to increase the acute 
hemodynamic response to CRT (Tamborero et al., 2009). Thus, a 
good reproducibility of measurement of QRSd may be important for 
an	optimal	ECG‐guided	VVd	optimization	after	CRT.

Measurement	of	maximal	QRSd	in	12‐lead	ECGs	is	the	most	com‐
monly used definition of QRSd (Cleland et al., 2005). Even though 
guidelines	 use	 QRSd	 as	 criterion	 for	 receiving	 CRT	 and	 for	 ECG‐
guided optimization after CRT (European Society of Cardiology (ESC) 
et	al.,	2013),	no	official	guidelines	on	how	to	measure	QRSd	before	
CRT	 exist.	 Precise	 identification	 of	 the	 onset	 of	 the	QRS	 complex	
in	a	paced	ECG	can	be	more	difficult	than	determining	the	onset	 in	
an	 intrinsic	 rhythm	ECG,	 since	 electrical	 signals	 that	 do	 not	 neces‐
sarily represent the onset of the QRS complex will be recorded in 
the	ECG	after	the	pacing	artifact.	Also,	termination	of	QRS	is	often	
less	clearly	defined	in	paced	ECGs	and	ECGs	with	LBBB,	with	a	more	
gradual change in the inclination sometimes taking 0.04 s or more. 
Such a gradual transition could lead to both greater inter and intra‐
observer	variation	 in	measurement	of	QRSd	 in	ECGs	with	LBBB	as	
compared	with	ECGs	without	conduction	disturbances	(Lepeschkin	&	
Surawicz,	1952).	In	addition,	increasing	QRS	width	by	increasing	the	
ECG	paper	speed	might	not	make	it	easier	to	determine	the	onset	or	
termination of the QRS complex as more details on cardiac electrical 

TA B L E  2   Selections of interventricular pacing delay creating the shortest QRS duration performed by six observers

Patient RV20 SIM LV20 LV40 LV60 Total number of VVds 
selected by six observers 
to result in the shortest 
QRSd

Mean range in 
QRSd, ms

Absolute range in QRSd 
measured by any of the six 
observers at any of the five 
VVds, ms

1 2 3 5 3 1 14 18 (110;140)

2 0 4 6 0 0 10 15 (110;140)

3 4 4 3 1 0 12 25 (130;180)

4 2 1 6 1 0 10 20 (130;160)

5 1 3 5 0 10 22 (110;150)

6 3 3 3 4 3 16 18 (100;140)

7 1 3 6 2 0 12 27 (130;180)

8 3 3 4 2 0 12 25 (140;180)

9 4 4 2 0 0 10 38 (120;180)

10 1 1 6 4 2 14 12 (150;170)

11 0 0 4 5 0 9 25 (100;150)

12 1 1 3 4 0 9 25 (110;150)

13 2 5 4 3 1 15 18 (100;140)

14 3 5 1 0 0 9 33 (120;160)

15 1 6 4 1 0 12 17 (130;170)

16 1 3 4 5 1 14 20 (110;150)

17 1 0 2 5 1 9 18 (120;150)

18 2 1 5 5 1 14 13 (140;170)

19 4 3 1 1 0 9 25 (130;170)

20 0 0 2 6 1 9 25 (100;140)

Sum 36 53 76 52 12 229 Average 22 (120;159)

Note. LV20/40/60: pacing of left ventricle 20/40/60 ms prior to right ventricle, respectively; QRSd: QRS duration; RV20: pacing of right ventricle 20 ms 
prior	to	left	ventricle;	SIM:	simultaneous	pacing	of	both	ventricles.	Left:	numbers	in	RV20‐LV60	indicate	the	number	out	of	the	six	observers,	who	se‐
lected that specific interventricular pacing delay (VVd) as the one, or one of more, resulting in the shortest QRS duration. Highlights: dark blue = the 
consensus optimal VVd: the VVd selected most frequently by the six observers to result in the shortest QRS duration for each patient; medium 
blue = the second most frequently selected VVd; light blue = the VVd selected most rarely. Right: mean and absolute range in QRS duration for the six 
observers when changing VVd from RV20 to LV60.
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signals could be revealed. The interobserver variation in identification 
of the onset and offset of the QRS complex is clearly illustrated in 
Figure 2. Recommendations from the American Heart Association 
suggests that global QRSd defined as the interval between first onset 
of QRS in any lead until the latest offset in any lead from is the most 
correct way to measure QRSd (Surawicz et al., 2009). However, it has 
been shown that interobserver difference in measurements of global 
QRSd increases when measuring QRSd in LBBB and even more when 
measuring paced QRS complexes as compared with measurement of 
QRSd	in	narrow	QRS	complexes	(De	Pooter	et	al.,	2017).

In	this	study,	LoA	for	QRSd	were	comparable	for	paced	and	LBBB	
intrinsic	 rhythm	ECGs	 (both	 inter	 and	 intraobserver).	 The	 LoA	 for	
QRSd were all around ±20 ms, which is judged to be acceptable from 
a clinical view. Furthermore, the LoA for QRSd were in accordance 
with	the	LoA	reported	in	the	study	by	Pooter	et	al.	(De	Pooter	et	al.,	
2017) reporting on global QRSd. However, the span in interobserver 
LoA was moderate, when comparing the pairs of observers with the 
largest	and	smallest	span	in	LoA	(Figure	3).

4.2 | Implications of inter and intraobserver 
variation for the reproducibility of ECG‐guided VVd 
optimization

Intra	and	interobserver	agreement	on	VVd	selection	was	compara‐
ble	with	a	precision	of	80%–85%.	A	reproducible	pattern	in	the	se‐
lection of consensus VVd for most patients was seen, with only few 
selections of optimal VVd not within ±20 ms from the consensus 
VVd (Table 2). However, from the interobserver results on selection 
of VVd, it can be seen that potential different selections of VVd 
settings	may	vary	up	to	80	ms.	In	these	cases,	it	is	noticeable	that	
the relative change in QRSd with changing VVd differs between in‐
dividuals and that often more than one VVd is considered optimal.

4.3 | Limitations

We	used	 different	 paper	 speed	 for	 recording	 ECGs	 for	 the	 paced	
and	intrinsic	rhythm	ECGs,	as	25	mm/s	is	the	paper	speed	used	for	

F I G U R E  4   Intraobserver	variation	
in QRS duration measured in paced and 
intrinsic rhythm electrocardiograms. 
Top:	Bland–Altman	plots	illustrating	
intraobserver variation in two repeated 
measurements of QRS duration 
performed	by	Observers	a	and	b	in	20	
intrinsic rhythm electrocardiograms. 
Observer	a:	limits	of	agreement	(LoA):	
lower	limit	(LL)	−24	ms	(95%	confidence	
interval	[CI]	−33;	−15	ms);	upper	limit	
(UL)	19	ms	(95%	CI	10;	28	ms),	Observer	
b:	LoA:	LL	−13	ms	(95%	CI	−20;	−6	ms);	
UL	22	ms	(95%	CI	15;	29	ms).	Bottom:	
intraobserver variation in two repeated 
measurements of QRS duration 
performed	by	Observers	a	and	b	in	100	
paced	electrocardiograms.	Observer	a:	
LoA:	LL	−27	ms	(95%	CI	−30;	−23	ms);	
UL	14	ms	(95%	CI	10;	17	ms),	Observer	
b:	LoA:	LL	−17	ms	(95%	CI	−19;	−14	ms);	
UL	14	ms	(95%	CI	11;	17	ms).	Mean	
difference between first and second 
measurement of QRS duration and LoA 
with	95%	CI	are	shown	in	all	four	plots.	
ECG:	electrocardiogram;	Obs.:	observer;	
QRSd: QRS duration
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intrinsic	rhythm	ECGs	and	50	mm/s	is	the	paper	speed	used	for	ECG‐
guided VVd optimization at our institution.

The consensus optimal VVd was selected as a circular reference, 
as the one selected by the majority of investigators since there is no 
generally accepted definition of the true optimal VVd in CRT patients.

QRS duration interobserver variation and intraobserver variation 
in the current study were not compared with variation from auto‐
mated	measurements,	but	as	shown	in	the	study	by	De	Pooter	et	al.,	
the	span	in	LoA	in	paced	ECGs	was	larger	for	automated	measure‐
ments than for manual measurements, whereas LoA for automated 
and	manual	measurements	in	intrinsic	rhythm	ECGs	with	LBBB	were	
comparable	(De	Pooter	et	al.,	2017).

In	a	routine	clinical	setting,	simultaneous	semi‐quantitative	ex‐
amination	 of	 all	 ECGs	 recorded	 at	 different	 VVd	 settings	 is	 often	
performed to select the VVd setting that produces the narrowest 
QRS	complex.	 In	this	study,	observers	were	 instructed	to	measure	
the	widest	QRSd	in	ECGs	obtained	at	different	VVd	settings	and	de‐
fine the optimal VVd from these measurements. However, this might 
have resulted in a more optimal and reproducible selection of VVds. 
Whether a mean change in QRSd of 22 ms when changing VVd from 
RV20 to LV60 is clinically important is not within the frame of the 
current study but is of future interest.

5  | CONCLUSIONS

Interobserver	 variation	 and	 intraobserver	 variation	 in	 manually	
measured paced and intrinsic rhythm QRSd are clinically acceptable 
and comparable in a cohort of patients receiving CRT. Selection of 
the optimal VVd producing the shortest QRSd is reproducible within 
±20 ms both within and between observers. The reproducibility is 
good and warrants manual VVd optimization for QRS narrowing in 
CRT. The clinical impact of optimizing VVd based on shortest QRSd 
needs further investigation in prospective, randomized studies.
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